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Lack of albusninuria in the early heterologous phase of antl-GBM
nephritis in beige mice. Passive anti-glomerular basement membrane
(GBM) nephritis in the mouse is accompanied by acute massive
albuminuria in the early heterologous phase. As we have previously
shown, this albuminuria does not occur in the beige mutant of the
C57BL/6J strain which is deficient for the leukocytic neutral proteinases
elastase and cathepsin G. To address the question whether an intrinsic
defect in the polymorphonuclear granulocyte (PMN) or local factors in
the beige kidney are responsible for the lack of albuminuria in the beige
mouse strain, we conducted reciprocal bone marrow transplantations
(BMT) in beige and congenic control mice. Injection of anti-GBM
antibody resulted in only slight albuminuria (89 47 gIl8 hours; N =
6) in normal (that is, non-irradiated, non-reconstituted) beige mice. By
contrast, in beige mice, reconstituted with bone marrow (BM) from
control mice, acute albuminuria developed (3032 1408 tg/l8 hours; N
= 8), to a degree comparable to that in non-irradiated control mice (4411
3405 g/l8 hours; N = 6, P < 0.01). Albuminuria in control mice,
reconstituted with beige BM, was in the range of the normal beige mice
(112 55 igI18 hours; N = 9). Reconstitution with syngeneic bone
marrow demonstrated that BMT by itself did not influence the level of
albuminuria. All mice showed similar morphological lesions, with
comparable influx of PMN in the glomeruli two hours after antibody
injection. Elastase activities of PMN extracts in BMT groups were not
different from those in donor mice. We conclude that the absence of
albuminuria in beige mice is caused by an intrinsic defect in leukocytic
neutral proteinase activity.
The experimental model of passive anti-GBM nephritis,
induced by i.v. injection of anti-GBM antibody, has been
extensively studied in various species [reviewed in 1]. Espe-
cially the studies of the early heterologous phase of this model
have demonstrated the existence of several immunologic path-
ways involved in glomerular damage and increased glomerular
permeability [1—31. The functional and morphological alter-
ations seen immediately after the i.v. injection of heterologous
antibodies can be brought about by the binding of the antibody
to the GBM alone [4, 5], by activation of the complement
system [6] or by PMN attracted by complement factors [1, 3].
The latter pathway, in which both complement and PMN are
necessary for the mediation of glomerular damage, is the most
prominent mechanism leading to albuminuria in nearly all
Received for publication September 9, 1992
and in revised form November 18, 1992
Accepted for publication November 23, 1992
© 1993 by the International Society of Nephrology
species studied in the early heterologous phase of this model [1,
7]. Using a murine model we found an additional pathway
leading to glomerular damage, that apparently is not operative
in other animal species, and is dependent on the presence of
PMN alone, without an essential role for complement [8, 9].
Such a mechanism has only been reported in the later stage of
nephritis in this model, the so-called autologous phase, that is
effected by the immune response of the host to the injected
antibodies [10, 11]. When anti-GHM antibody was injected in
mutant C57BL/6J, bgfbg (beige) mice, which are known to have
a deficiency for the leukocytic neutral proteinases elastase and
cathepsin G [12], we found that the acute albuminuria in the
early phase did not occur, despite an influx of PMN in the
glomeruli comparable to that in the congenic (C57BL/6J, +1+)
controls, and despite similar binding of antibody to the GBM
[13]. This suggested that in non-deficient mice the early albu-
minuna is caused by the leukocytic neutral proteinases, and not
by other inflammatory mediators such as reactive oxygen
metabolites which are also released from the activated PMN
[13].
In the present study we offer definitive evidence that the lack
of albuminuria in the beige mice in the early phase of the
passive anti-GBM nephritis is due to the intrinsic cellular defect
of beige PMN. By performing reciprocal BMT in beige and
control mice, we demonstrated that the acute albuminuna in the
murine anti-GBM model is indeed dependent on the presence of
functionally intact PMN, with normal elastase and cathepsin G
activity.
Methods
Animals
C57B116J, +1+ (control) mice were originally obtained from
Harlan Olac (Bicester, Oxon, England) and were kept in our
laboratory by continuous brother sister matings. C57B116J,
bgfbg (beige) were bought from the Jackson Laboratory (Bar
Harbor, Maine, USA). Only male mice were used at ages of
three to four months weighing more than 20 g. The enzymatic
deficiency present in the beige mice was assessed by testing the
enzyme activity in PMN obtained from the peritoneal cavity
(see below). Random bred Swiss mice were purchased from the
Central Institute for the Breeding of Laboratory Animals (TNO,
Zeist, The Netherlands). NZW rabbits, used for the preparation
of the antiserum, were bought from a local breeder.
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Anti-mouse GBM antibodies
The rabbit anti-mouse GBM (RaMGBM) antibodies were
prepared, purified, and assessed for purity and specifity as
described before [9, 14]. The immunoglobulin concentration of
the final preparation, as determined by radial immunodiffusion
[15] was 25 mg/mI.
Induction of anti-GBM nephritis
Anti-GBM nephritis was induced by i.v. injection of 7.5 mg of
RaMGBM as described previously [14]. The mice that under-
went BMT received this injection at day 49 after BMT. Albu-
minuria was determined in urine samples obtained from six to
24 hours after i.v. injection of RaMGBM, during which time the
animals were placed in individual metabolic cages [14]. The
urinary albumin concentrations were measured by radial immu-
nodiffusion using goat anti-mouse albumin antibodies [14, 151.
Total body irradiation and bone marrow transplantation
One day before BMT, lethal total body irradiation (TBI) was
given in a single dose of 10 Gy at a dose rate of 2 Gy/min with
a 13 MeV electron beam from a linear accelerator (CGR
Satume, Buc, France). Immediately afterwards the mice were
placed in laminar flow housing for seven weeks, with free
access to normal food and drinking water containing Neomycin
(100 mg/liter) and Polymyxin B (40 mg/liter) [16]. The mice
received BM cell suspensions obtained from the femora of
untreated donor mice obtained under strictly aseptic condi-
tions. Recipient mice were reconstituted via the lateral tail vein
with approximately 3 x iO BM cells, of which more than 90%
were viable, as assessed by Trypan blue dye exclusion.
Determination of elastase activity in peritoneal PMN
Mouse peritoneal PMN were harvested 24 hours after i.p.
injection of 0.5 ml IFA (Difco Laboratories, Detroit, Michigan,
USA), by lavaging the peritoneal cavity with 10 ml of cold
saline containing 10 U of heparin. The cell suspension, which
contained more than 85% PMN, was washed three times in cold
saline and resuspended in a solution containing 0.5 M NaC1,
0.4% cetrimide (Sigma Chemical Co., St. Louis, Missouri,
USA), 0.1 M Tris, pH 8.0 at a concentration of! x i0 PMN/ml.
The cells were disrupted by sonication (3 bursts of 10 sec at
setting 50%, with 30 sec pause and cooling on melting ice), and
the homogenate was centrifuged at 13,000 g, for 10 minutes at
4°C. The elastase activity in the supernatant was measured
fluorimetrically using methoxy-succinyl-alanyl-alanyl-prolyl-
valyl-amidomethylcoumarin (Bachem, Bubendorf, Switzer-
land) as a substrate [17]. The enzyme content was expressed as
pkatal per 106 cells, 1 pKatal being the amount of enzyme that
converts 1 pmole of substrate per second under the given assay
conditions.
Histology and immunofluorescence
Three days after the induction of the nephritis, the mice were
killed, and the kidneys were removed immediately after perito-
neal lavage. Tissue fragments were fixed in Bouin's solution,
dehydrated and embedded in paraplast (Amstelstad B.V., Am-
sterdam, The Netherlands), and 4 tm sections were stained
with periodic acid Schiff and silver methenamine. For immuno-
fluorescence (IF), kidney fragments were snap frozen in liquid
Table 1. Elastase activity of peritoneal PMN, after reciprocal BMT
in C57BL/6J, bg/bg and C57BL/6J, +1+ mice
Group Recipient (A') Donor
Elastase activitya
pKatal/106 PMN
A bg/bg (6) 0.03 0.02
B bg/bg (8) bg/bg 0.06 0.04
C
D
bg/bg
+1+
(7)
(6)
+1+ 1.21 0.53
1.05 0.07
E +1+ (8) +1+ 1.21 0.41
F +1+ (7) bg/bg 0.03 0.02
a Mean SD.
"Non-irradiated mice.
nitrogen, and 2 m cryostat sections were stained with FITC-
labeled swine anti-rabbit immunoglobulin (DAKO, Copen-
hagen, Denmark), rabbit anti-human fibrinogen immunoglobu-
un that crossreacts with mouse fibrinogen (DAKO), sheep
anti-mouse immunoglobulin (Cappel Laboratories, West
Chester, Pennsylvania, USA), and goat anti-mouse C3 immu-
noglobulin (Nordic, Tilburg, The Netherlands). The sections
were examined in a Leitz fluorescence microscope equipped
with a Ploemopak epiillumination and the staining intensity was
recorded semiquantitatively (on a scale from 0 to 4+) as
described before [14].
Statistical analysis
For statistical analysis, Wilcoxon's rank sum test was used. P
values <0.05 were considered significant. All values are ex-
pressed as means SD.
Results
Bone marrow transplantation and total body irradiation
In general, no untoward effects were observed after BMT.
Only two mice died after BM reconstitution and before the
induction of the nephritis. All mice tolerated the induction of
the nephritis and the immediate period thereafter well. The
adequacy of the irradiation was confirmed in mice which
underwent TBI without concomitant BMT (N = 9): all animals
died within two weeks. The elastase activity in the PMN
extracts of the different BMT groups clearly correlated with the
donor lineage of the BM (Table 1), demonstrating that engraft-
ment had been successful in all BMT groups. The elastase
activity in mice with either the original or the reconstituted
PMN of beige origin was about 4% of the values obtained in
mice with functionally normal PMN.
Albuminuria
The albuminuria at day 1 after injection of anti-GBM anti-
bodies in groups of beige and control mice, with or without
reciprocal BMT, is shown in Table 2. BMT as such had no
influence on the physiologic albuminuria, which in all groups
remained within the normal range (for beige mice: 49 17 gI18
hours, and for control mice: 38 24 jig/18 hours, as determined
in groups of 30 mice per strain). Injection of anti-GBM antibody
in beige mice caused only a marginal, non-significant increase in
the albuminuria, and the same results were seen in beige mice
reconstituted with beige BM cells after TBI. By contrast, beige
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Table 2. Albuminuria in C57BL/6J, bg/bg and C57BL/6J, +1+ mice
after reciprocal BMT seven days before and 6 to 24 hours after
injection of rabbit anti-mouse GBM antibodies (RaMGBM)
Albuminuria jg/18 hra
before after
Group Recipient (N) Donor RaMGBM RaMGBM
A bg/bg (6) 32 8 89 47
B bg/bg (8) bglbg 34 9 90 71
C
D
bg/bg
+1+
(8)
(6)
+1-i- 45 12
23 35
3032 l408'''
4411 3405
E -1-1+ (9) +1+ 33 5 6025 4092
F +1+ (9) bg/bg 28 8 112 55
a Mean SD.
b Non-irradiated mice.
"P < 0.01 as compared to group A.d NS as compared to group D.
P < 0.01 as compared to group F.
mice reconstituted with BM cells from the control strain devel-
oped a marked albuminuria after injection of RaMGBM, to a
degree that was only slightly lower than that in non-reconsti-
tuted control mice. Conversely, albuminuria in control C57BL/
6J, +1+ mice reconstituted with beige BM, was in the range of
that in untreated beige mice.
Immunohistology
From earlier studies we know that after injection of anti-
GBM antibody, the beige strain shows a prominent influx of
PMN in the glomerulus, maximal two hours after injection, and
identical to that in the congenic controls. Furthermore, the
glomerular acumulation of PMN preceded damage to endothe-
hal cells in both strains [13]. In a separate study we found that
TB! with BMT had no influence on the linear binding of the
antibody to the GBM, nor on the fine granular deposition of C3
(data not shown). Therefore, we did not study these aspects in
the present groups, but kept the mice alive for assessment of
effective engraftment of the BM by determination of the elas-
tase activity of the peritoneal PMN at day 3. The animals were
sacrificed immediately afterwards for (immuno)histologic ex-
amination of the kidneys. At this time, a strong linear binding of
RaMGBM to the GBM was seen, independent of strain or
BMT, and a few fine granules of C3 were observed along the
GBM and in the mesangium in all groups. Several glomeruli
contained deposits of fibrin in capillary lumina and along the
capillary wall. By light microscopy, we found in all experimen-
tal groups many glomeruhi with overt necrosis of one or more
glomerular segments, accompanied by only sporadical intra-
capillary PMN. In the non-affected glomerular loops no leuko-
cytes were found.
Discussion
Beige mice do not develop an acute albuminuria in the early
heterologous phase of the passive anti-GBM nephritis, despite a
glomerular PMN influx and morphological endothelial damage
comparable to that in normal, congenic controls [13]. We
proposed that this lack of albuminuria in beige mice was due to
their deficiency of neutral proteinase activity in PMN, as these
proteinases are known to be potent mediators of tissue injury
[18] and are able to degrade extracellular matrices in vivo [19,
20] and in vitro [21, 22]. Other possible intrinsic deficiencies of
the PMN in beige mice, such as their adhesive properties to
extracellular matrices, can be ruled out, because beige PMN
adhered in the same way to the inner side of the GBM as their
normal counterparts two hours after injection of the anti-GBM
antibody. To prove our hypothesis, and to exclude unknown
local tissue or systemic humoral factors inherent to the beige
mutation, reconstitution experiments with pure suspensions of
non-deficient PMN were required. Simple transfer experiments
failed, however, because of the rapid elimination of PMN from
the circulation after the transfer, even when large numbers of
PMN were given repeatedly. We therefore decided to reconsti-
tute PMN by reciprocal BMT. The success of this procedure in
beige and congenic control mice was confirmed by the deter-
minations of elastase activity in peritoneal PMN homogenates,
obtained at nine weeks after BMT (Table 1).
The finding that albuminuna develops in beige mice reconsti-
tuted with normal BM, as well as the lack of albuminuria in
control mice after reconstitution with beige BM, clearly dem-
onstrates that the enhanced glomerular permeability in this
murine model is dependent on BM derived cells with functional
neutral proteinase activity. Beige mice, which have many
features in common with the recessively inherited Chddiak-
Higashi syndrome in humans, show, apart from the enzymatic
deficiency of the PMN, other abnormalities, such as platelet
storage pool disease resulting in prolonged bleeding, and a
defective natural killer cell function [23]. Theoretically, there-
fore, bone marrow cells other than PMN, such as monocytes,
lymphocytes and platelets could be responsible for a different
reaction to injection of anti-GBM antibody. There are several
arguments marking the PMN and not other BM cells as the
mediators of the GBM damage. First, in the beige mutants the
only cell known to be deficient for neutral proteinase activity is
the mature PMN. Monocytes and lymphocytes of beige mice
have a neutral proteinase activity which is similar to that of
congenic control mice, and this activity is quantitatively only a
small fraction of that in PMN of non-deficient C57BL/6J, +1+
mice [12]. The same holds for platelets [12]. The defect in the
beige PMN is only present in the more mature stages of the
cells. Beige PMN precursors up to and including the metamy-
elocyte stage have a normal proteinase activity [24]. Second,
injection of anti-GBM antibodies in the mice did not result in an
increase of monocytes or lymphocytes in the glomeruli at any
time during the first 24 hours, that is during the period in which
the albuminuria was measured, and during which the PMN
influx was observed. This was studied both histologically and
ultrastructurally (unpublished data). Third, platelets may theo-
retically be involved in the induction of anti-GBM nephritis, by
release of cationic proteins from their alpha granules, resulting
in a loss of anionic charges in the GBM and subsequent
increased glomerular permeability for proteins [25]. However,
beige mice have normal alpha granules [26].
There are several points of interest calling for further study.
First, we have observed previously that in the beige mice the
injection of anti-GBM antibody prevented the early albumin-
uria, but not the damage to the endothehial cells [13]. Since
there is no difference in the generation of reactive oxygen
metabolites between the beige mice and the normal controls
[13], we assumed that reactive oxygen metabolites were in-
volved in the endothehial cell destruction, independently of the
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presence of proteinases in the PMN. Another interesting point
is the recent finding that the enzymatic deficiency in the beige
PMN is not due to an absence of genetic expression for neutral
proteinases, but is caused by intracellular formation of specific
proteinase inhibitors during the later stages of maturation [27].
These inhibitors form intracellular covalent complexes with the
active sites of elastase and cathepsin G, thus inhibiting the
enzymatic activity [27]. Characterization and production of
these inhibitors may be useful in future studies on the role of
leukocytic neutral proteinases in tissue damage.
In conclusion, we have demonstrated in this study that the
early albuminuria in the heterologous phase of anti-GBM ne-
phritis in the mouse depends on the presence of enzymatically
competent PMN, and that the absence of albuminuria in the
beige strain is not due to local tissue factors or unknown
humoral factors, but is directly related to the deficiency of the
beige PMN in functional elastase and cathepsin G.
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